Microarray-based gene expression analysis plays a pivotal role in modern biology and is poised to enter the field of molecular diagnostics. Current microarray-based gene expression systems typically require enzymatic conversion of mRNA into labeled cDNA or cRNA. Conversion to cRNA involves a target amplification step that overcomes the low sensitivity associated with commonly used fluorescent detection methods. Herein, we present a novel enzymefree, microarray-based gene expression system that uses unamplified total human RNA sample as the target nucleic acid. The detection of microarray-bound RNA molecules is accomplished by targeting the poly-A tail with an oligo-dT 20 modified gold nanoparticle probe, signal amplification by autometallography, and subsequent measurement of nanoparticle-mediated light scattering. The high sensitivity afforded by the nanoparticle probes allows differential gene expression from as little as 0.5 mg unamplified total human RNA in a 2 h hybridization without the need for elaborate sample labeling steps.
INTRODUCTION
Monitoring gene expression levels by using microarrays has evolved into a widely accepted tool in the research community, and is about to enter the diagnostic market (1) . Microarrays have tremendously improved our understanding of the complex network of gene expression and its regulation in different cells and tissues (2, 3) . Concomitantly, this knowledge has provided insight into the mechanism of complex diseases and may pave the way for novel therapeutic approaches (4) (5) (6) (7) (8) . For instance, characterization of tumors based on their unique expression profile may help guide adjustments in treatment and improve the outcome of therapy (9) . However, significant technical and cost issues with present microarraybased gene expression analysis hamper the widespread use of this technology, especially in the cost-conscious clinical setting. Expression analysis typically requires target labeling for which direct and indirect methods are available. Indirect labeling is achieved by reverse transcribing the RNA sample to incorporate fluorescently labeled nucleotides into the growing cDNA strand. The labeled cDNA is used as target in a microarray hybridization assay. In cases of limiting starting material, labeling of cDNA may not produce enough target molecules, requiring an in vitro transcription (IVT) amplification step (10) . These cost and labor-intensive target preparation steps may also account, in part, for the described variability in microarray gene expression data (11, 12) . In contrast, direct labeling of RNA does not include an amplification step but utilizes enzymatic or chemical labeling of the RNA target (13) (14) (15) . In cases of internal labels, the hybridization efficiency may be impaired due to a lower binding affinity between the target and capture probes (16) . Another drawback of the direct labeling approaches is the lower sensitivity (minimum RNA requirement is 10 mg) due to the lack of target amplification steps.
We present a novel approach (ClearRead TM ) that also utilizes total human RNA as target nucleic acid, but in contrast to the above-mentioned methods, it does not require labeling or amplification steps for target preparation. After hybridizing the RNA to an oligonucleotide microarray, bound molecules are detected in a second hybridization step using oligonucleotide (oligo-dT 20 )-modified gold nanoparticle probes. These probes hybridize via their oligo-dT 20 sequences to the poly-A tail of captured mRNA molecules. The poly-A tail is a unique feature of eukaryotic mRNA molecules (except the animal histone mRNAs), conferring an increased stability to the mRNA in the cytoplasm (17) . Ribosomal transcripts, which comprise the most abundant source of RNA in the cell, also lack the poly-A tail. Consequently, the oligo-dT 20 nanoparticles specifically detect only expressed coding sequences. After sufficient washes to remove unbound material, the light scatter ability of the gold nanoparticles is improved by autometallography: a brief step whereby Ag + ions are reduced to elementary silver that deposit around the Au particles. The resulting silver-amplified gold particles have a significantly increased extinction coefficient, leading to an approximately 1000-fold increase of their scatter signal (18) . The resulting scatter light is captured by the photosensor of an imaging system (Verigene ID) specifically designed for scatter analysis (Figure 1 ). Scatter analysis has been previously shown to be on the order of 1000 times more sensitive than fluorescent-based detection methodologies (18) . By applying this sensitive tool to gene expression analysis, we were able to detect lowexpressed genes in 0.5 mg of unamplified total human RNA in a 2 h hybridization assay.
MATERIALS AND METHODS

Array preparation
All solutions were made in RNase-free plasticware (Nalge Nunc International, Rochester, NY; Brinkmann, Westbury, NY) using RNase-free water (Sigma, St Louis, MO). Capture probe oligos for human (The Midland Certified Reagent Company, Inc, Midland, TX) or bacterial (Ambion, Inc., Austin, TX) mRNA, designed to be complementary to the 3 0 end of the transcripts of interest, were diluted to 30 mM in 150 mM sodium phosphate (Sigma) buffer containing 0.01% SDS (Fisher Scientific, Hampton, NH). Capture oligos were printed onto CodeLink slides (Amersham Bioscience, Piscataway, NJ) using an OmniGrid Accent arrayer (Genomic Solutions, Ann Arbor, MI), and the arrayed slides were stored at >75% humidity overnight to induce capture oligonucleotide attachment, then stored desiccated at RT until further use. Immediately prior to use, arrayed slides were soaked in 0.2% SDS for at least 10 minutes at 50 C then rinsed with water and dried. A plastic gasket (Grace Bio-Labs, Bend, OR) was applied to each sub-array to create a hybridization chamber.
Nanoparticle preparation
Gold nanoparticles (15 nm diameter) were prepared by the citrate reduction method (19) . The approximate concentration of the gold nanoparticles was deduced from equating particle size measurements obtained by transmission electron microscopy (TEM) to the gold atom concentration, which was obtained by inductive coupled plasma-atomic emission spectroscopy (ICP-AES). Optical spectra (l max = 518 nm) of the gold nanoparticles were recorded with an HP8453 UV-VIS spectrophotomer (Agilent Technologies, Palo Alto, CA). The oligonucleotide-modified gold nanoparticle probes were synthesized following protocols described previously (20) . Briefly, 5 0 thiol-functionalized dT 20 -oligonucleotides (4 mM final concentration) were initially incubated with gold nanoparticles for >16 h, followed by successive additions of phosphate buffered-NaCl (Sigma) to a final concentration of 0.8 M NaCl. After an overnight incubation, the probes were isolated by centrifugation, washed in an equivalent amount of water, then resuspended in a 0.1 M NaCl, 10 mM phosphate buffer pH 7, 0.01% sodium azide (Sigma) buffer at a particle concentration of 10 nM. Nanoparticle probes were stored at 4 C.
RNA hybridization
Various concentrations of human total brain RNA (BD Biosciences, Palo Alto, CA) or synthetically 3 0 polyadenylated bacterial RNA (Ambion) were added to the hybridization buffer containing 4· SSC (Invitrogen, Carlsbad, CA), 0.01% SDS, 0.04% sorbitan mono-9-octadecenoate poly(oxy-1,1-ethanediyl) (Tween-20 TM , Sigma) and 45% formamide (Sigma), and applied to the microarray. The arrays were incubated for 2 h at 40 C in a hybridization oven. After the indicated incubation period, the gasket was removed and the slide was soaked three times in wash buffer [0.5 N NaNO 3 (Sigma), 0.01% SDS and 0.02% Tween-20], rinsed in 4· SSC and dried. The oligo-dT 20 nanoparticle probe (1 nM), in probe hybridization buffer (4· SSC, 0.01% SDS, 0.04% Tween-20 and 25% formamide), was injected into new hybridization chambers and the slide incubated for 30 min at 40 C. Slides were soaked three times in wash buffer and once in 0.5 N NaNO 3 . Washed slides were stained with 2 ml of silver reagent, an admix of Silver Enhancer A and B solutions (Sigma) for 5.5 min, washed in ddH 2 O and dried. The slide was imaged with a Verigene ID TM imaging system (Nanosphere, Inc.). Red light-emitting diodes (LEDs) provide illumination of the slide creating an evanescent field in the glass slide. The resulting scatter signal of the silver-enhanced gold nanoparticles is captured on a photosensor and converted to a TIFF image. The dynamic range of the Verigene ID has been shown previously to be 2-3 logs, which is comparable to fluorescent scanners (18) . The resulting images were further analyzed using the GenePix 5 software package (Axon Instruments, Union City, CA).
RESULTS
Sensitivity of ClearRead TM
We have determined the minimum detectable RNA concentration by titrating four different in vitro transcribed bacterial RNAs that contained an artificially added poly-A tail. For this purpose, complementary 50mer capture oligonucleotides were printed at 30 mM concentration onto Codelink slides as described. RNA concentrations in the hybridization mixtures ranged from 0.1 pg to 1 ng, which is equivalent to an absolute number of 2 · 10 5 to 2 · 10 9 molecules in a total volume of 32 ml. Hybridization conditions included a high-salt buffer Figure 1 . Schematic drawing of the ClearRead TM assay. Total human RNA is hybridized to complementary oligonucleotides attached to a microarray slide. In a second hybridization step, an oligo-dT 20 -modified gold nanoparticle probe is hybridized to the poly-A tail of the captured mRNA. Following silver enhancement, the slide is imaged using an in-house developed scanner (Verigene ID).
(4· SSC, 0.01% SDS, 0.04% Tween-20, 45% Formamide) and an incubation time of 2 h at 40 C. After removal of unbound nucleic acid, the oligo-dT 20 gold nanoparticle probe was applied to the microarray for hybridization under essentially the same conditions as used for the RNA hybridization, except that the Formamide concentration was lowered to 25%. Figure 2 shows that at 1 pg (2.9 amol) target concentration, all four RNA species exhibited signal intensities significantly higher than the control spots. Captures representing the human genes ubiquitin B and b-actin (UBB, ACTB) served as control spots in this experiment. Their net signals (mean signal corrected for the local background) were averaged, and after adding 1 SD, the resulting values were used as threshold for a positive signal call. In order to directly compare the data obtained at different scan times, net signals were normalized according to the different exposure times at which the images of different target concentrations were acquired. Normalization was accomplished by multiplying the net signal intensity by the ratio of the highest exposure time (800 ms) to the exposure time at which the image was captured. For example, the normalization factor for the 20 ms image is calculated as follows: 800/20 = 40. The resulting relative signal values were plotted in a logarithmic scale ( Figure 2B ). At 0.1 pg target RNA concentration, signals dropped below the threshold for a positive call. According to this data, we determined the minimum detectable target concentration to be 2.9 amol per hybridization. As a control we performed an assay without target RNA, which resulted in no detectable signal at any spot.
In other words, the gold nanoparticle probe-based expression system is capable of detecting <55 000 RNA molecules/ ml hybridization mix in a 2 h hybridization assay. This number is >10 times lower than a previously described detection limit of 60 amol for an overnight fluorescent-based hybridizations to a 60mer oligonucleotide array (21) . Although each of the tested genes shows a linear dose response, the absolute signal intensities vary between different target spots (e.g. compare RNA#3 to RNA#2). This could be explained by differences in the secondary structures between target and/or capture molecules, resulting in different hybridization efficiencies. While this is of little consequence for the ratio determination of differential gene expression analysis, a careful design of the capture sequence could further improve the detection limit for individual genes. The fact that only a >10-fold increase in detection limit was found while the relative scatter signal from an amplified nanoparticle is 1000 times stronger than the relative fluorescence signal from a single fluorophor has an additional explanation: Typical 500 nt long cDNAs may carry up to 20 fluorescent labels, while we expect only a single silver complex to be generated at the poly-A tail of each mRNA, since even more than one nanoparticle in close proximity would probably result in a similar-sized gold-silver complex (unpublished observations). This multi gold-silver complex would exhibit similar scatter ability compared to a single gold-silver particle due to the same diameter of the aggregate. Therefore, varied lengths of poly-A tails within the mRNA transcripts are not expected to introduce variability in the signal strength.
Linear range and dose response of scatter signals
In order to determine the dose response curve of the scatter signal imaged with the Verigene ID, we performed a human RNA target titration experiment ( Figure 3A) . The target amount for the dose response titration experiment ranged from 5 mg to 5 ng in a 2 h hybridization. The net intensity values were normalized for the different exposure times used at varying RNA concentration, and plotted in a logarithmic scale ( Figure 3B ). The observed signal intensities for four genes (UBB, ACTB, RPL32, SARS) show a linear increase over 3 logs indicating a concentration-independent identification of the expression patterns. Additionally, this data compares well to the reported dose response of fluorescent microarray hybridizations (22) .
Absence of 3
0 end bias Enzymatic labeling and/or amplification steps with poly-T primed cDNA synthesis and their inherent 3 0 end bias of labeled products represent a major drawback of classical gene expression analysis, since the reverse transcription favors the generation of labeled products restricted to the 3 0 portion of a given mRNA population. This forces classical gene expression methods to design their capture probes close to the 3 0 end of the mRNAs. Based on the direct hybridization of unfragmented, total RNA employed in the ClearRead TM approach, we assumed that this reaction would not exhibit any bias regarding the position of the capture oligonucleotides. This hypothesis was tested with six capture oligonucleotides (50mer) complementary to sequences along the whole length (1793 nt) of the b-actin mRNA (ACTB). Hybridization experiments with total human mRNA revealed equivalent hybridization efficiencies for all six capture oligonucleotides ( Figure 4) , with only minor differences in signal intensities that are likely due to secondary structure-mediated variations in hybridization kinetics. These results support the finding of 
Hybridization of total human RNA
We chose 13 human genes as a model system to test the concept of hybridizing total human RNA. These model genes represent high-, medium-, low-and non-expressed genes in brain tissue (according to expression levels reported in the GeneCard database: http://bioinformatics.weizmann. ac.il/cards). The relative expression levels, the name of each gene and the corresponding abbreviations are provided in Table 1 . In a first experiment, a serial dilution of total human brain RNA ranging from 0.5 mg to 10 ng per 32 ml volume was hybridized to the array for 2 h at 40 C in a highsalt buffer, followed by washing and nanoparticle probe hybridization. As shown in Figure 5A , most hybridization signals are significantly above the negative control signals with an input of only 0.5 mg total RNA. Below this concentration, the capture spots for the low-level expressed genes lacked sufficient signal for quantitation, while the highly expressed genes were easily detectable (data not shown). A control experiment without target RNA showed no detectable signal at any spot. The four bacterial capture spots employed in the dose response experiment were used as negative controls. Their net signals were averaged, and after adding 1 SD, the resulting values were used to define a threshold for a positive signal call ( Figure 5C ). Based on this threshold value, EPRS and CHAF1B were assigned 'not expressed' in brain tissue. Raising the target RNA concentration increased the signal for these genes only marginally, never exceeding the threshold value for a positive signal (data not shown). This finding is in agreement with data obtained by different expression analysis methods (see below).
Comparison of ClearRead TM to other gene expression analysis methods
The validity of the ClearRead TM RNA expression results were assessed by comparison to mRNA expression levels reported in the GeneCard Encyclopedia of the Weizmann Institute of Science (http://bioinformatics.weizmann.ac.il/cards). The GeneCard Encyclopedia integrates a subset of biologically relevant information stored in major data sources, including gene expression data created by different methods. The entries in the database include gene expression levels from an Affymetrix gene chip system, SAGE (Serial Analysis of Gene Expression) and northern blot analysis, respectively ( Figure 6 ). The expression profiles of 13 genes used in this study were compared to those measured by the methods in the database. Absolute signal intensities of the gold nanoparticle probe-based expression analysis were normalized to the relative expression levels reported in the GeneCard database by dividing the averaged nanoparticle probe-based signal intensity of two housekeeping genes (ubiquitin B, UBB and b-actin, ACTB) by the relative expression level of the same genes reported in the GeneCard database. The resulting normalization factor was averaged and applied to the remaining genes leading to the relative expression levels shown in Figure 6 . The observed variability of expression levels between the ClearRead TM expression system and the three other methods was found to be in the same range as the variability between these three classical expression analysis tools. Thus, direct use of total RNA target generates reliable data on the relative number of transcripts present in a given tissue.
Reproducibility of the ClearRead TM assay
The inter-assay reproducibility of the ClearRead TM RNA expression method was evaluated by performing eight hybridizations (conducted by two operators) each with 0.5 mg human brain RNA for 2 h at 40 C, followed by the poly dT 20 -nanoparticle probe hybridization. The average signal intensities subtracted by the local background are shown in Figure 7 . The gene expression data reflects consistent values for the 13 human genes with the error bar displaying 1 SD of the signal intensities over eight arrays. The reproducibility of the assay is also mirrored in an average coefficient of variation (CV) of 0.27.
DISCUSSION
DNA-modified gold nanoparticle probes offer promising new avenues for DNA diagnostics. Due to the high sensitivity associated with nanoparticle-induced scatter signal, we The relative gene expression retrieved from the GeneCard database were arbitrarily defined as follows: genes with relative expression values of 1000 were called high expressed, values >100 were called medium expressed and <100 were called low expressed. An expression value of 10 was the threshold for a positive signal call. . Additionally, DNA-modified nanoparticles were shown to detect zeptomolar target sequences in a homogeneous colorimetric assay (24) . These promising results led us to investigate the usefulness of the powerful properties of nanoparticles in gene expression analysis. By targeting the poly-A tail of mRNA molecules, a 'Universal' detector probe in the form of a oligo-dT 20 -modified 15 nm gold nanoparticle probe could be employed, which eliminated labeling or target amplification steps. Avoiding the RT and IVT steps in target preparation simplifies the process and significantly reduces the overall assay time and cost. In a 2 h hybridization, 0.5 mg of total RNA is sufficient to observe signals from genes with a known low-expression level (e.g. TCF3). In contrast, conventional fluorescentbased gene expression analysis usually requires an overnight hybridization with 1-20 mg of total RNA (or purified mRNA) as input, which eventually has to be amplified 1000 times by IVT before being applied to the microarray (10). Xiang et al. reported a novel approach using amine-modified oligonucleotides to prime cDNA synthesis, and claimed a sensitivity of 1 mg total RNA; however, this method still relies on enzymatic conversion of the starting material and a 16-24 h incubation time (25) . As expected, an extension of the hybridization time from 2 to 16 h also increases the hybridization sensitivity for ClearRead TM as well (data not shown), but we expect that for many applications the short assay time will outweigh the additional gain in sensitivity.
Recently, another nanoparticle-based gene expression analysis system was presented (GeniconRLS TM , Invitrogen) (26) , and demonstrated to be approximately 10-fold more sensitive in a direct comparison to fluorescence (27) . However, the GeniconRLS TM system differs substantially from the method described in this paper. First, the Invitrogen approach utilizes biotin-labeled cRNA, thereby requiring all the RT and IVT steps for target preparation and amplification as is the case for conventional analysis of gene expression. Second, the detection is accomplished by anti-biotin antibody-coupled gold and/or silver nanoparticles, whereas the ClearRead TM uses a universal oligo-dT 20 -modified gold probe that is directed toward the poly-A tail of mRNA molecules.
The demonstrated lack of a 3 0 end bias suggests an additional important advantage of the ClearRead TM assay in the analysis of splice variants. Alternative splicing is assumed to provide an explanation for the disparity between the modest number of human genes and the vast amount of gene products found in human cells. It is estimated that the transcripts of approximately 30% of all human genes are subject to alternative splicing (28) . Since unfragmented RNA is used as target nucleic acid, and the position of the capture oligonucleotides do not adversely affect the hybridization efficiency, it seems feasible that splice variants can be detected and quantified with the method presented herein.
Additionally, the expression profiles generated by ClearRead TM agree well with those obtained by conventional expression analysis (Affymetrix gene chip, SAGE and northern blot analysis), indicating the ClearRead TM system is a reliable tool for measuring gene expression levels. Finally, the data generated in a small-scale reproducibility study points towards a solid assay with a low variability. It seems possible that this low variability is due to little hands-on time, originating from the lack of target labeling steps.
In conclusion, it appears that the ClearRead TM system could contribute substantially toward simplifying RNA expression analysis, paving the way for applications in the clinical environment.
